The macrophage is an important early cellular marker related to risk of future rupture of atherosclerotic plaques. Two-channel two-photon luminescence (TPL) microscopy combined with optical coherence tomography (OCT) was used to detect, and further characterize the distribution of aorta-based macrophages using plasmonic gold nanorose as an imaging contrast agent. Study Design/Materials and Methods: Nanorose uptake by macrophages was identified by TPL microscopy in macrophage cell culture. Ex vivo aorta segments (8 Â 8 Â 2 mm 3 ) rich in macrophages from a rabbit model of aorta inflammation were imaged by TPL microscopy in combination with OCT. Aorta histological sections (5 mm in thickness) were also imaged by TPL microscopy. Results: Merged two-channel TPL images showed the lateral and depth distribution of nanorose-loaded macrophages (confirmed by RAM-11 stain) and other aorta components (e.g., elastin fiber and lipid droplet), suggesting that nanorose-loaded macrophages are diffusively distributed and mostly detected superficially within 20 mm from the luminal surface of the aorta. Moreover, OCT images depicted detailed surface structure of the diseased aorta. Conclusions: Results suggest that TPL microscopy combined with OCT can simultaneously reveal macrophage distribution with respect to aorta surface structure, which has the potential to detect vulnerable plaques and monitor plaque-based macrophages overtime during cardiovascular interventions.
INTRODUCTION
Atherosclerosis and plaque rupture leading to myocardial infarction, stroke, and progression of peripheral artery disease remain the leading cause of death worldwide, far surpassing both infectious diseases and cancer [1] . Many investigators once believed that progressive luminal narrowing or stenosis beginning from increased lipid storage and continued growth of smooth-muscle cells in the plaque was the main cause of myocardial infarction [2] . Angiographic studies have, however, identified that culprit lesions do not arise from critical stenosis. Previous work by Ambrose et al., Little et al., Nobuyoshi et al., and Giroud et al. demonstrated that nearly two thirds of myocardial infarctions occur in lesions that showed only moderate stenosis [3] [4] [5] [6] [7] [8] . Recent advances in basic and experimental science have established a fundamental role that inflammation and underlying cellular and molecular mechanisms [9] [10] [11] contribute to atherogenesis from initiation through progression, plaque rupture, and ultimately, thrombosis. The principal pathologic features of atherosclerotic plaques that are prone to rupture are now well-described [12] . Accumulations of macrophages in atherosclerotic plaques over-express matrix metalloproteinases (MMPs), such as MMP-1 (collagenase-1), MMP-3 (stromelysin-1), and MMP-9 (gelatinase-B) [13] [14] [15] [16] . Overexpression of such matrix-degrading enzymes is believed to contribute to plaque instability and thrombogenicity [17] [18] [19] . Thus, the macrophage is an important early cellular marker that indicates and contributes to increased risk of plaque remodeling and subsequent rupture in the coronary, cerebral, and peripheral circulations. Since plaque instability is related to cellular composition as well as anatomical structure, developing a diagnostic method that can simultaneously reveal both is critical to identify vulnerable plaques and would allow in vivo monitoring of macrophage density in longitudinal studies in response to cardiovascular interventions.
Currently, X-ray angiography, magnetic resonance imaging (MRI), intravascular ultrasound (IVUS), computed tomography (CT), single-photon emission CT (SPECT), and positron emission tomography (PET) have been utilized to image atherosclerotic cardiovascular diseases (e.g., atherosclerotic plaques in the arterial wall) [20, 21] . MRI can achieve molecular imaging using contrast agents [22, 23] . IVUS can perform virtual histology using spectral analysis to identify plaque components [24, 25] . CT and PET/CT using contrast agents can image macrophage infiltration into arterial wall with improved sensitivity [26, 27] . SPECT/CT can track monocytes recruitment to atherosclerotic plaques in vivo [28] . However, none of these techniques is able to provide cellular or subcellular resolution. Two-photon luminescence (TPL) microscopy uses nonlinear optical properties of tissue and has been recently utilized to image plaque components such as endothelial cells, smooth muscle cells [29] , elastin fibers [30, 31] , oxidized LDL [32] and lipid droplets [33] based on their endogenous autofluorescence. Optical coherence tomography (OCT) has been demonstrated to visualize microstructural features such as fibrous cap and surface structure of atherosclerotic plaques with high resolution [34] [35] [36] [37] . Due to poor scattering and weak two-photon absorption contrast between macrophages and other plaque components, OCT or TPL microscopy alone, is not able to detect macrophages with high specificity while depicting detailed plaque structures.
To solve this problem, a novel gold nanoparticle called nanorose [38] was used as an imaging contrast agent for TPL microscopy to target macrophages. The 30 nm diameter nanorose is characterized by the assembly of thin gold shell (1-2.5 nm in thickness) coated iron oxide (5 nm in diameter) nanoparticles. Dextran-coated nanoroses were injected intravenously and engulfed by aorta-based macrophages or blood-based monocytes [39] . Broad near infrared (650-800 nm) absorption of nanorose is achieved by the asymmetric core-shell geometry and plasmonic effects arising from close spacing between primary particles in the cluster (Fig. 1A) . Nanorose specificity is achieved since endogenous fluorescence emission (in response to 800 nm two-photon excitation) of collagen, elastin fibers, oxidized-LDL, calcification, and lipid are all below 650 nm [32, 33, 40] while TPL emission of nanorose is broad and emission intensity increases beyond this wavelength (Fig. 1B) . Two emission channels (<570 nm and 700/75 nm) were selected to separate nanorose-loaded macrophages and other aorta components in TPL microscopy.
In this study, we demonstrate for the first time that TPL microscopy in combination with OCT using nanorose as a contrast agent can identify aorta-based macrophages in the context of aorta surface structure in a double balloon injured hypercholesterolemic rabbit model. Presence of nanorose-loaded macrophages was confirmed by colocalization of TPL microscopy of nanorose and RAM-11 staining of macrophages in aorta histological sections. This combined imaging approach can simultaneously reveal cellular composition and anatomical structure of the aorta and has the potential to assess macrophage distribution over time.
MATERIALS AND METHODS

Synthesis of Imaging Contrast Agent (Nanorose)
Details of nanorose synthesis were described previously [38] . Briefly, iron oxide nanoparticles were first synthesized using a method modified from Shen et al. [41] . NH 4 OH (4 ml; >25% wt/wt) was used to titrate 15 ml of a dextran aqueous solution (15% wt/wt) to pH 11.7. To this, 5 ml of freshly prepared 0.75 g of FeCl 3 Á6H 2 O and 0.32 g of FeCl 2 Á4H 2 O aqueous solution was injected dropwise after passing through a hydrophilic 0.2 mm filter. The suspension immediately turned black and was stirred for Fig. 1 . A: Absorbance spectrum of nanorose colloidal suspension. Inset shows a schematic cartoon (left) and scanning electron microscopy image (right) of a single nanorose cluster. B: TPL emission spectra of nanorose in gelatin (red) and gelatin alone (blue) at an excitation wavelength of 800 nm. Nanorose suspension (3.3 Â 10 11 nanoroses/ml) was mixed with 8% (wt/wt) gelatin to make a nanorose-gelatin tissue phantom (1.99 Â 10 11 nanoroses/ml). A shortpass filter (<750 nm) was placed in front of the spectrometer detector in order to block the laser line.
0.5 hours. The mixture was then centrifuged at 10,000 rpm for 9 min to remove aggregates. The supernatant was decanted and dialyzed (Spectra/Pro 7, Spectrum Laboratories, Rancho Dominguez, CA) against DI water for 24 hours. To concentrate dispersions, a centrifugal filter device (Ultracel YM-30, Millipore, Billerica, MA) was used with a relative centrifugal force of 1,500g. To synthesize the gold-coated iron oxide clusters, 0.1 ml (14.6 mg Fe/ml) of dextran-coated iron oxide nanoparticles was dispersed in 8.9 ml of DI water, along with 100 ml of 1% hydroxylamine seeding agent was added and 0.5 g of dextrose. The solution pH was adjusted to 9.0 using 20 ml of 7% NH 4 OH solution. HAuCl 4 aqueous solution (6.348 mM) was added in aliquots of 100 ml to the stirred dispersion. A total of four injections were added with 10 min between each injection. The gold-coated iron oxide nanoclusters were separated from iron oxide only clusters by centrifugation at 6,000 rpm for 6 min. The supernatant was decanted and the pellet was redispersed in 0.1 ml 10% dextran solution and 0.01 ml of a 5% polyvinyl alcohol solution to form a nanorose suspension.
Preparation of Macrophage Cell Culture and Rabbit Arterial Tissues
Macrophage cells were cultivated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). To load nanorose in cells, macrophages were incubated with nanorose suspension (3 Â 10 10 nanoroses/ml) in DMEM overnight and then mixed with 6% gelatin (wt/wt). Nanorose-loaded macrophages (2.97 Â 10 6 cells/ml) and control macrophages without nanorose (2.59 Â 10 6 cells/ml) were imaged by TPL microscopy with 800 nm excitation and TPL from macrophages was detected in two channels (red channel: bandpass (700/75 nm), green channel: shortpass (<570 nm)).
Abdominal aortas were collected from two male double balloon injured and fat fed New Zealand white rabbits: nanorose-(Positive) and saline-injected (Control) rabbits ( Fig. 2A) . Briefly, following a 2-week 0.25% cholesterol chow diet, the abdominal aorta was balloon injured twice and became rich in intimal hyperplasia and macrophages, while the thoracic aorta was not balloon injured and had little intimal hyperplasia and few macrophages ( Fig. 2B-D) . The rabbits were continuously fat fed for 6 weeks and intravenously injected with nanorose (1.4 mg Au/kg rabbit body weight) and saline, respectively, 3 days before sacrifice. Ex vivo abdominal aorta with macrophages were harvested, flushed clean of red blood cells and cut into aorta segments (8 Â 8 Â 2 mm 3 ) positioned en face onto glass slides with the luminal side face-up for imaging as shown in Figure 2E ,F. The aorta segments were first imaged by OCT, then pre-screened by photothermal wave (PTW) imaging [42] to identify ''hot spots'' where high concentration of nanoroses are located, and finally the hot spots were imaged by TPL microscopy with 800 nm excitation. All imaging experiments were completed within 12 hours after animal sacrifice. The animal protocol was approved by the University of Texas Health Science Center at San Antonio IACUC.
Experimental Setup TPL microscopy. TPL from nanorose was measured using a custom-built NIR laser scanning multiphoton microscope escribed previously (Fig. 3A) [43] . A femtosecond Ti:Sapphire laser (Mira 900, Coherent, Santa Clara, CA) emitting at 800 nm (76 MHz, 300 fsecond) was used as an excitation light source. Intensity of the laser beam entering the microscope was modulated by an acousto-optic modulator (23080-1, NEOS Technologies, Melbourne, FL) and monitored by a pick-off mirror (reflectance 1%) with a photodiode calibrated for measuring the power delivered to the objective's back aperture. The focal volume of the objective lens (20Â, NA ¼ 0.95, water emersion, Olympus, Center Valley, PA) was scanned over the sample in the x-y plane using a pair of galvanometric scanning mirrors (6215HB, Cambridge Technology, Lexington, MA) to produce 2D images. TPL from the aorta segment was directed into two channels and detected by two photomultiplier tubes (PMT1: H7422P-40, PMT2: H7422P-50, Hamamatsu City, Shizuoka, Japan). To separate endogenous aorta fluorescence from nanorose luminescence, aorta fluorescence with emission wavelengths shorter than 570 nm were reflected by a long-pass filter (E570LP, Chroma Technology, Bellows Falls, VT) and collected by PMT1 (green channel), while nanorose luminescence with emission wavelengths longer than 570 nm transmitted through a band-pass filter (HQ700/75m, Chroma Technology) and was collected by PMT2 (red channel). The laser power applied at cell culture and arterial tissue (ex vivo aorta segment and histological section) was 15 and 20 mW, respectively. No nanorose damage or photo-bleaching effect was observed during imaging.
OCT. A swept source (SS) laser (HSL-1000, Santec, Hackensack, NJ) with a center wavelength of 1,060 nm and a bandwidth of 80 nm scanning at a repetition rate of 34 kHz was used in the custom-built intensity OCT system (Fig. 3B ). Average power incident on the sample arm was 1.2 mW. The measured free-space axial resolution was 20 mm with a 2.8 mm scan depth. The OCT signal was sampled with a linear k-space sampling clock to allow real-time OCT image acquisition and display. The linear k-space clock was generated by splitting a portion of the source light into a Mach-Zehnder interferometer and into a balanced detector. The clock signal was filtered, frequency-quadrupled and used as the input to the external clock port of the ADC card. The laser sweep rate governs the A-scan rate of 34 kHz and images were acquired at a rate of 68 B-scans per second with 500 A-scans per B-scan.
PTW imaging system. A semiconductor laser (FCTS/ B, Opto Power, Tucson, AZ) that emits at a wavelength of 800 nm with output power of 0.25 W was used to irradiate rabbit arterial and liver tissues to induce photothermal waves from nanorose. A 50 mm diameter lens (f ¼ 40 cm) was used to focus the laser beam to a 1 cm diameter spot 
Histology Analysis
Aorta sections (5 mm in thickness) were immersionfixed in formalin, processed with paraffin embedding and stained with RAM-11 [44] , a marker of rabbit macrophage cytoplasm.
RESULTS
TPL Microscopy of Nanorose-Loaded Macrophages in Cell Culture
We investigated the capability of nanorose uptake by macrophages and use of nanorose as an imaging contrast agent for TPL microscopy in macrophage cell culture. Macrophage cell cultures were selected to simulate the intimal layer of an atherosclerotic aorta since high concentration of macrophages in the arterial intima are characteristic of atherosclerotic plaques. TPL from macrophages were divided into two channels and co-registered into a merged two-channel image (Fig. 4) . In macrophage culture with nanorose, strong TPL signals are detected inside macrophages in the red channel while much weaker TPL signal level is observed in the green channel (Fig. 4A,B) . In the control macrophages without nanorose no TPL signal is detected in either red or green channel (Fig. 4D,E) at the same input laser power (15 mW). When TPL from nanorose is detected in both red and green channels, nanorose appears yellowish red (Fig. 4C) . The nonlinear nature of the TPL signal was analyzed by measuring the dependence of the luminescence intensity as a function of laser excitation power. Excitation laser power was monitored by a photodiode giving the power of 13-30 mW delivered to the nanorose-loaded macrophages in cell culture. Luminescence intensities were measured by PMT2 (red channel). Figure 4G illustrates the quadratic dependence of luminescence intensity on the excitation laser power with a slope value of 2.07, confirming a TPL process.
Imaging Ex Vivo Rabbit Tissues
Ex vivo segments of rabbit liver and aorta were imaged by OCT, PTW imaging and TPL microscopy to obtain aorta surface structure and nanorose distribution. Rabbit liver was selected as a positive control because liver is known to contain a high density of macrophages. Several interesting findings of these imaging experiments are illustrated in Figure 5 . Detailed surface structure of aorta segments is depicted by OCT (Fig. 5B,F) . Peak and valley regions of the aorta surface are clearly visible in the 3D OCT image. Due to strong NIR absorption by nanorose, PTW imaging is able to screen nanorose distribution in the whole aorta segment. High intensity PTW signals are observed in both abdominal aorta and liver segments (bright region Fig. 5C,I ) from the Positive rabbit with nanorose injection but not from the Control rabbit (Fig. 5G,K) . Moreover, PTW signals are not observed in healthy thoracic aorta regions with no intimal hyperplasia from the Positive rabbit (data not shown). Due to the double-balloon injury process, the distribution of nanorose in abdominal aorta from the Positive rabbit is diffusive (Fig. 5C ) with respect to the corresponding aorta surface structure as shown by OCT (Fig. 5B) .
Nanorose is also detected by TPL microscopy in the same aorta and liver segments from the Positive rabbit over a smaller field of view (500 Â 500 Â 80 mm ) as denoted by the red boxes in Figure 5C ,I. Strong TPL signals from nanorose are observed (red color in Fig. 5D,J) . Nanoroses are identified to be diffusely located in lateral Fig. 3 . Schematic diagrams of (A) TPL microscopy and (B) intensity OCT system. PMT, photomultiplier tube; AOM, acousto-optic modulator; SS, swept source. directions of the tissue segments (Fig. 5D,J) . From a side view of Figure 5D , nanoroses are also observed to be diffusely distributed in the axial direction along the luminal surface of the aorta segment within 20 mm in depth. In comparison, endogenous fluorescence signal detected from control aorta and liver segments is much weaker than nanorose TPL from the Positive rabbit at the same laser power delivered to the tissue (Fig. 5H,L) . Moreover, the endogenous fluorescence signal is only detected in the green channel, suggesting that no nanorose is identified which emits stronger TPL in the red channel. Insets of Figure 5D ,J show a closer view of nanorose distribution with strong TPL signal intensity, while much higher laser powers (59 and 45 mW), respectively, are needed to show the tissue structures from the Control rabbit at a similar endogenous fluorescence signal intensity in insets of Figure 5H ,L.
To verify that TPL signals from abdominal aorta segment from the Positive rabbit (Fig. 5D ) originate from nanorose-loaded macrophages, unstained histological sections as denoted by the black dashed lines in Figure 5A ,E were cut off and imaged by TPL microscopy. Sister histological sections (5 mm apart from the corresponding unstained sections) were stained with RAM-11. Positive RAM-11 staining of the intimal layer (Fig. 6A,E) indicates presence of infiltrated macrophages in the aorta. High intensity TPL signals from nanorose (red color in Fig. 6B-D and pointed by yellow arrows in Fig. 6D ) in the intimal layer co-localize with corresponding RAM-11 staining of superficial macrophages (Fig. 6A and inset in Fig. 6D ), suggesting that TPL signals in red color are generated from superficial nanorose-loaded macrophages. The size of nanorose aggregations in the macrophages are 1-2 mm (Fig. 6D) . Although macrophages are observed as deep as 100 mm from luminal surface of the aorta, most nanoroses are detected within 20 mm (Fig. 6D) , consistent with nanorose distribution in the axial direction in the reconstructed 3D TPL image of the same aorta segment from the Positive rabbit (side view of Fig. 5D ). This observation may suggest that the nanorose-loaded macrophages mostly reside in the very superficial regions of intima and have not migrated to deeper locations up to three days after intravenous nanorose injection. In contrast, in the unstained histological section from the Control rabbit, only endogenous fluorescence from aorta (green color) is observed in both superficial intima (Fig. 6F,I ) and deeper intima (Fig. 6G,J) although dense accumulation of macrophages are identified with corresponding RAM-11 stain in these regions (Fig. 6E) .
Endogenous fluorescence from aorta may originate from elastin fibers (pointed by white arrows in media layer in Fig. 6B,H) [29, 33, 40] . Moreover, macrophage-like cellular structures with dark nuclei (indicated by yellow circles in Fig. 6I,J) and possibly lipid droplets (pointed by yellow arrow heads in Fig. 6D,J) in or outside macrophages are also observed [45, 46] .
DISCUSSION
Nanorose was tested in macrophage cell culture as an imaging contrast agent for TPL microscopy. Due to a dextran coating and 30 nm particle size, a high uptake rate of nanorose by macrophages compared to gold nanoshells is observed and measured to be more than 7,500 nanoroses per macrophage cell [47] . Higher TPL signal intensity is observed in the red channel (700/75 nm) compared to green channel (<570 nm) from the nanorose-loaded macrophages (Fig. 4A,B) , consistent with the TPL spectrum of nanorose (Fig. 1B) . Endogenous fluorescence from control macrophages without nanorose is not observed when the same laser power is applied (Fig. 4D,E) . In fact, 10 times greater laser power than that used in nanorose-loaded macrophages is needed (data not shown) to bring endogenous fluorescence intensity from control macrophages to the same signal level induced by nanorose as shown in Figure 4A .
To demonstrate the capability of TPL microscopy in combination with OCT to detect aorta-based macrophages, a hypercholesterolemic rabbit model of focal aorta inflammation induced by endothelial abrasion followed by double-balloon injury was utilized. The resulting injuryinduced neointima in abdominal aorta was particularly rich in macrophages, simulating macrophage accumulation in atherosclerotic plaques. In contrast to previous studies performed in animal models with diffuse atherosclerosis, this inflammation model allows straightforward anatomic localization of the inflammatory arterial lesion and a direct comparison of diseased versus normal artery portions in the same rabbit (Fig. 2B-D) in a much shorter formation time (from 4-5 months [48] to 10 weeks). Double-balloon injured lesions are widely spread in the aorta, consistent with the high accumulation and diffusive distribution of nanoroses in these areas as detected by TPL microscopy (Figs. 5D and 6B-D) and PTW imaging (Fig. 5C) .
Most nanoroses are superficially detected by TPL microscopy within 20 mm from luminal surface of the aorta as shown in the histological section (Fig. 6D) . However, RAM-11 stained macrophages from corresponding sister section are distributed as deep as 100 mm (Fig. 6A) . This observation suggests that macrophages taking up nanorose are superficial in the aorta and nanoroses may migrate and then reside (no-slip condition) on the endothelial surface and be partially engulfed by superficial macrophages. Deeper in situ macrophages and macrophages that migrated into deeper locations before nanorose injection may not be able to take up nanorose possibly because nanorose cannot penetrate into the intima directly through diffusion or no nanorose is delivered through the vasa vasorum. In fact, vascular permeability and rate of particle (molecule or nanoparticle) transfer from the vascular lumen to peripheral tissue is regulated and limited by transcytosis of endothelial cells [49, 50] . Moreover, apoptotic and necrotic macrophages contribute to lipid core formation in advanced atherosclerotic plaques [51] . These macrophage debris can stain RAM-11 positive but are not intact and would no longer take up nanorose in situ.
Although nanorose uptake by macrophages has been identified in our cell culture study (Fig. 4) , their transport pathway to aorta-based macrophages is not elucidated. Previous studies have proposed three possible mechanisms for transport of superparamagnetic nanoparticles to arterial tissue [52] [53] [54] [55] , including monocyte-mediated migration, transcytosis across the endothelium followed by uptake by in situ macrophages and diffusion into the adventitia via the vaso vasorum. TPL microscopy results of histological sections (Fig. 6B) show that nanorose is not detected at deeper locations (e.g., 100-300 mm) in the aorta, indicating that nanorose diffusion via the vasa vasorum may not have occurred in our study. However, the relative contributions of monocyte-mediated migration and endothelial transcytosis of nanorose remain to be determined.
Simultaneous observation of macrophage distribution and plaque surface structure offers the ability to characterize plaque composition and identify vulnerable plaque regions more prone to rupture. However, several limitations need to be addressed before the current imaging approach can be used in patients with atherosclerosis to study the natural history of plaque inflammation over time and the efficacy of treatments aimed at plaque stabilization. First, TPL microscopy and OCT were performed in this study, respectively, on ex vivo tissues. An intravascular catheter is required to realize in vivo imaging of macrophages in plaques. Second, TPL microscopy has a smaller field of view than OCT in the current study. Co-registered fields of view can be achieved by coupling two-photon excitation light with OCT light into a catheter. Third, the penetration depth of TPL microscopy is shorter than OCT at current wavelength (800 vs. 1,060 nm). A longer wavelength for two-photon excitation will provide deeper penetration depth in tissue. Although the current study utilized a model of arterial wall inflammation which does not contain the complex nature of advanced atherosclerotic plaques, TPL microscopy in combination with OCT using nanorose as a contrast agent to detect plaque-based macrophages and assess macrophage density quantitatively is promising. Additional studies are required to test the capability of this combined imaging approach for the detection of macrophages in vulnerable atherosclerotic plaques.
CONCLUSION
By utilizing TPL microscopy in combination with OCT we demonstrate detection of nanorose with respect to aorta surface structure in a double-balloon injured hypercholesterolemic rabbit model. Nanorose presence is also detected with PTW imaging. Co-localization of nanorose identified by TPL microscopy with RAM-11 stained macrophages in the corresponding histological section suggests that TPL signal in the red channel (700/75 nm) is generated by superficial nanorose-loaded macrophages. Our results suggest that nanorose-loaded macrophages are diffusively distributed in the aorta and superficially located (within 20 mm from the luminal surface). This study indicates that combined TPL microscopy and OCT is promising for the detection of aorta inflammation in the hypercholesterolemic rabbit using nanorose as a contrast agent. This combined imaging approach will need to be tested in further studies for macrophage detection in atherosclerotic plaques.
